INTRODUCTION
Recently, amorphous nanomaterials have attracted more and more attention as a promising electrocatalyst for hydrogen evolution reaction (HER) [1] [2] [3] [4] . Compared with their crystalline counterparts, amorphous nanomaterials feature distinctive long-range disordered but shortrange ordered atomic arrangements, isotropic physical and chemical properties, while accommodating abundant intrinsic defects [5] [6] [7] [8] . Simultaneously, the defect sites of nanomaterials play an important role in promoting the electrocatalytic reaction [9] [10] [11] . These characters endow amorphous nannomaterials with more flexible structure and higher active site density [12] [13] [14] [15] , resulting in higher electrocatalytic activity than their crystalline counterparts. A pioneering study by Hu and co-workers [16] revealed that amorphous MoS x catalysts have superior HER activities compared with crystalline MoS 2 . The high catalytic activity results from the inherent surface defect sites of amorphous MoS x , i.e., coordinately and structurally unsaturated sulfur atoms [17] , which were subsequently confirmed by in situ Raman spectroscopy and X-ray absorption spectroscopy (XAS) [18, 19] . Besides, Kornienko et al. [13] demonstrated that amorphous CoS x exposed a higher density of catalytic active sites leading to better HER performance than bulk CoS 2 . Similar results were also obtained from amorphous tungsten phosphide and molybdenum phosphide nanoparticles [20, 21] , as well as other excellent catalysts with amorphous structures [22] [23] [24] .
Moreover, the catalytic activity of amorphous nanomaterials could be further improved through the rational design of their structures. Unique hollow-structured nanomaterials have garnered tremendous research interests due to their structural advantages such as large specific surface area, low density, high pore volume, and reduced mass-/charge-transport lengths [25] [26] [27] . To date, numerous synthetic strategies for hollow-structured materials have been developed based on diverse methods such as Kirkendall effect [28, 29] , Ostwald ripening [30] , ionic exchange [31, 32] , coordinating etching [33] , galvanic replacement [34, 35] , and self-assembly [36] . Nevertheless, the regular-shaped ternary hollow nanomaterials with amorphous feature are rarely reported owing to the disordered atomic arrangement of their internal structures and poor mechanical stability. Furthermore, compared with binary hollow-structured materials (e.g., metal oxides or sulfides), the ternary hollow nanostructures may have more merits arising from the synergy effect by the introduction of extra atoms [37, 38] , leading to optimized electronic structure, better conductivity and enhanced HER performance [39] , such as the reported NiCo 2 O 4 [40] , Co-Mn-O [41] , NiMo 3 S 4 [42] , and NiCo 2 S 4 [43] .
Inspired by above the considerations, we herein develop a self-hydrolyzing etching-precipitating (SHEP) method to synthesize the regular-shaped ternary amorphous Cu 2 MoS 4 nanocages (a-Cu 2 MoS 4 NCs) with controllable shapes, sizes, and shell thicknesses for the first time (Scheme 1). The a-Cu 2 MoS 4 NCs exhibit better HER performance than their crystalline counterparts, which can be ascribed to two main advantages: 1) amorphous features with disordered atomic arrangements and inherent abundant defects endow the a-Cu 2 MoS 4 NCs with a large number of sulfur vacancies, which is conducive to the fluent diffusion of protons; 2) unique hollow porous structure gives the a-Cu 2 MoS 4 NC a larger specific surface area, more accessible active sites, and favorable electrons/ ions transport in the electrolyte. Interestingly, the electrocatalytic performance of the a-Cu 2 MoS 4 NCs is closely related to their shell thickness-the octahedral a-Cu 2 MoS 4 NCs with a shell thickness of 20 nm exhibit the best HER activity with the overpotential as low as 96 mV at 10 mA cm −2 and the Tafel slope of
. In addition, compared with the traditional method for synthesizing hollow nanomaterials, our method simplifies the experimental procedure and is selfsufficient, without additional coordinating agent or etching agent, and can be performed at room temperature. Importantly, our method can be extended to the synthesis of other ternary NCs, which are expected to be applied in other fields.
EXPERIMENTAL SECTION

Synthesis of solid Cu 2 O templates
The spherical Cu 2 O, cubic Cu 2 O and octahedral Cu 2 O with different sizes were prepared according to our previous work [44, 45] . And the morphologies of Cu 2 O samples are shown in Figs S1-S5.
Synthesis of a-Cu 2 MoS 4 NCs
In a typical synthesis, 5.0 mg Cu 2 O octahedrons (600 nm) were first dispersed in 5 mL ethanol and sonicated for Table S1 ). and frequency range from 1 Hz to 100 kHz at an overpotential of 200 mV (vs. RHE). All the above measurements were performed at room temperature, and without ohmic-drop correction.
Density functional theory (DFT) calculations
The DFT computations were performed using the Vienna ab initio simulation package (VASP v.5.4.1) [47, 48] . During all calculations, the generalized gradient approximation and the projector augments wave pseudopotentials with the exchange and correlation in the PerdewBurke-Ernzerhof were employed [49, 50] . The plane-wave cutoff energy is set at 400 eV. The convergence threshold was set as 10 −5 eV in energy and 0.02 eV Å −1 in force,
respecively. The Monkhorst-Pack Gamma-centered kpoints mesh is adopted for all calculations, where the spacing of uniformly sampled k points for each simulation was set to be no larger than 2π×0.03 Å S2 ) and transmission electron microscopy (TEM) image (Scheme 1c). Eventually, as the SHEP reaction prolongs, the complete depletion of interior core results in the formation of the robust octahedral a-Cu 2 MoS 4 NCs (Scheme 1d). Compared with the conventional templating method that requires an extra coordination agent or an etching agent to remove the template [26] , SHEP does not need the additional coordination agent or etching agent due to the dual functionality of the reactant (NH 4 ) 2 MoS 4 during the overall process. Besides, SHEP also distinguishes itself from the reported self-templating strategies based on different principles such as the Kirkendall effect, Ostwald ripening, galvanic replacement, and so on [29, 30, 35] . These strategies usually require heating aids or solvothermal processes, even not suitable for insoluble inert templates because they cannot provide free ions in solution [52] . Instead, our method simplifies the experimental procedures and provides a milder reaction condition that can be performed at room temperature. As shown in Fig. 1a , the Cu 2 MoS 4 nanoarchitectures well maintain the octahedral morphology of the original template of Cu 2 O and are very uniform with an average edge length of 600 nm. However, their surfaces are changed from a smooth surface of Cu 2 O templates (Fig. S1a) to a rough porous surface (Fig. S3a, b) due to the outward flow of internal ions. The corresponding TEM characterization demonstrates the large internal cavity with a uniform shell thickness of 20 nm (Fig. 1b) in each Cu 2 MoS 4 NC by a clear contrast between the hollow interior and the external solid shell. Besides, relevant high-resolution TEM (HRTEM) image (Fig. 1b 1 ) with no lattice fringes and selected area electron diffraction (SAED) pattern (Fig. 1b 2 ) with a scattered and hazy halo indicate the amorphous nature of the octahedral Cu 2 MoS 4 NCs. The amorphous structure is also evidenced by the X-ray power diffraction (XRD) pattern with no distinct diffraction peaks (Fig. S4a) . The energy-dispersive X-ray spectroscopy (EDS) result indicates Cu, Mo, and S in the octahedral a-Cu 2 MoS 4 NCs with Cu/Mo/S atomic ratio of about 2:1:4 (Fig. S3c) , and the EDS elemental mapping of a single octahedral a-Cu 2 MoS 4 NC reveals the presence and uniform distribution of Cu, Mo, and S (Fig. 1c) . The chemical compositions and states of the as-prepared octahedral a-Cu 2 MoS 4 NCs are further confirmed by the Xray photoelectron spectroscopy (XPS). The Cu 2p 3/2 and Cu 2p 1/2 binding energies of a-Cu 2 MoS 4 NCs locate at 933.0 and 953.0 eV, respectively (Fig. S4b) , which indicate that the Cu species in a-Cu 2 MoS 4 NCs are monovalent [53, 54] . The peaks at 229.9 and 233.0 eV correspond to Mo 3d 5/2 and Mo 3d 3/2 (Fig. S4c) respectively, indicating molybdenum as the Mo(VI) oxidation state [53, 54] . The peaks of S 2p 3/2 and S 2p 1/2 at 161.5 and 162.6 eV, respectively (Fig. S4d) , can be assigned to S(II) species [51] . All of the above results indicate the successful synthesis of the octahedral a-Cu 2 MoS 4 NCs.
RESULTS AND DISCUSSION
Controllability and universality of SHEP method
In order to demonstrate the precise controllability of our synthetic strategy (Fig. 2) , the a-Cu 2 MoS 4 NCs with different thicknesses, sizes and morphologies were synthesized by SHEP method. It is well known that the amount of reactants is an important factor in chemical synthesis. We found that the thickness of NCs can be easily and accurately controlled by the amount of reactants. For example, the octahedral a-Cu 2 MoS 4 NCs with a thickness of 20 nm can be synthesized (Fig. 1) NCs with a thickness of 30 nm can be obtained (Fig. 2b 1 ,  b 2 ). However, the octahedral hollow structures will not be maintained if the volume of reactants continues to increase (>3.2 mL) (Fig. S6b) . It might be explained by that a thick outer shell formed by excessive precipitates leads to the filling of the inner cavity. In contrast, the thinner octahedral a-Cu 2 MoS 4 NCs with a thickness of 10 nm can also be prepared (Fig. 2a 1 , a 2 ) by reducing the volume of (NH 4 ) 2 MoS 4 to 2.4 mL. Compared with the octahedral a-Cu 2 MoS 4 NCs with 20 and 30 nm thicknesses, the a-Cu 2 MoS 4 NCs with 10 nm thickness are more likely to crack, and the extent of rupture is greater (Fig. 2a 1 ) . We can hardly obtain the whole octahedral a-Cu 2 MoS 4 NC if we continue to reduce the volume of (NH 4 ) 2 MoS 4 (<2.4 mL) (Fig. S6a) . Because the surface support force of the shell is not big enough due to the small shell thickness, resulting in the octahedral hollow frames invaginated or even completely collapsed. The porous structures of a-Cu 2 MoS 4 NCs surface become less obvious with the increase of thickness (Figs S7a, S3b, S7b), and when the thickness of the shell becomes too thick, no porous structure can be observed on the surface (Fig. S6b) . Therefore, the NCs with a suitable shell thickness not only maintain the structural robustness but also the porosity of their surface, which may help to enhance their catalytic properties and is in favor of the practical application of hollow structural materials [55] . For example, the hollow nanomaterials with porous shells can be used both as nanoreactors for catalytic reaction and nanocontainers for the drug storage and release [56] [57] [58] . In addition, the size of NCs can also be effectively controlled by using templates with different sizes. Using Cu 2 O octahedrons with the edge lengths of 400 and 800 nm, (Fig. S5a, b Furthermore, the role of surfactant PVP during the synthesis was also investigated by a control experiment. In the absence of PVP, the a-Cu 2 MoS 4 NCs with octahedral morphology can still be obtained except the formation of a few irregular particles (Fig. S8) , indicating PVP has no effect on the formation mechanism of NCs, but it is helpful to the uniformity of hollow structure. As previously reported [33] , PVP can reduce the mobility of ions in solution, making the precipitate more prone to slow heterogeneous growth on the surface of the template rather than self-nucleation to grow into separate nanoparticles.
The 
HER performance and enhanced HER mechanism of a-Cu 2 MoS 4 NCs
To demonstrate the advantages of the as-prepared amorphous and hollow structural NCs, the electro- mercial 20% Pt/C and bare Ni foam are compared. As known, the overpotential at a current density of 10 mA cm −2 (defined as η 10 ) is a common criterion for HER performance (a metric associated with solar fuel synthesis) [59] . The a-Cu 2 MoS 4 NCs-20 show the lowest overpotential of η 10 =96 mV, which is even lower than that of many previously reported electrocatalysts based on metal sulfides and molybdenum-based catalysts (Table S3) . Besides, the a-Cu 2 MoS 4 NCs-10 and a-Cu 2 MoS 4 NCs-30 require relatively higher overpotential: 112 and 136 mV, respectively, which are still lower than those of c-Cu 2 MoS 4 NCs (η 10 =198 mV), c-MoS 2 (η 10 =237 mV) (detailed data in Table S2 ), crystalline CuS and Cu 2 S (Fig. S12) . It is suggested that the a-Cu 2 MoS 4 NCs-20 have an overwhelming advantage in HER, which can be attributed to the hollow porous structures with the largest specific surface area (Fig. S13 ) and the amorphous characteristics with copious sulfur vacancies [60] . A sharp signal in electron paramagnetic resonance (EPR) spectra at g=2.027 provides a fingerprint evidence for the sulfur vacancies [61] , and no obvious signal is detected for c-Cu 2 MoS 4 NCs (Fig. S14) . The a-Cu 2 MoS 4 NCs-20 with a large amount of sulfur vacancies are favorable for fluent proton diffusion [60, 62] , leading to a better HER performance than c-Cu 2 MoS 4 NCs. Moreover, NCs with a suitable thickness may have more prominent HER performance, because if the shell thickness is too thick, its surface will have less porous structure (Fig. S7b) , which reduces the contact area between the electrodes and is not conducive to the transmission of electrons/ions in the electrolyte, resulting in poorer HER activity. In contrast, the NCs with smaller thickness, have a larger porous surface but their octahedral hollow structures are not robust enough, with more collapsing and incomplete structures (Fig. S6a) , also resulting in a weaker HER activity. Therefore, the NCs with a suitable thickness balance the surface porosity and the structural stability, leading to outstanding HER activity. (Fig. S13) , also demonstrating that the amorphous NCs with a suitable thickness are significant to enhance HER performance.
To give insight into the origin of the improved activity, the ECSA of as-prepared samples were obtained by measuring the double-layer capacitance (C dl ), which was linearly proportional to ECSA (Figs S15-S19). The a-Cu 2 MoS 4 NCs-20 sample has the highest C dl , compared with a-Cu 2 MoS 4 NCs-10, a-Cu 2 MoS 4 NCs-30, c-Cu 2 MoS 4 NCs, and c-MoS 2 , suggesting that a-Cu 2 MoS 4 NCs-20 has the most accessible active sites, which indicates the superior HER performance [52] , and is in accordance with the above-mentioned results.
Furthermore, in order to evaluate the reaction kinetics of the catalysts, the HER Tafel plots were investigated (Fig. 3b) . The linear regions of Tafel curves are plotted using the Tafel (Table S3) . Moreover, the b of 61 mV decade −1 implies that electrochemical desorption is the ratedetermining step, following the Volmer-Heyrovsky mechanism (Fig. 4a ) [63] . In addition, the EIS was also performed to further investigate the electrode reaction kinetics at an overpotential of η=200 mV. As shown in the Nyquist plots (Fig. 3c) [46] . It is mainly due to the fact that a-Cu 2 MoS 4 NCs-20 has a suitable thickness shell that maintains both structural stability and rich surface porosity. As a result, the electrolyte can quickly penetrate into the hollow structure of NCs, and a larger electrochemical reaction surface area can be obtained, resulting in a small R ct . In contrast, a thicker shell reduces the surface porosity, making it difficult for the electrolyte to penetrate into the interior of the NC, while a thinner shell is more likely to break, resulting in easier stacking. Both of them will lead to a relatively small electrochemical reaction surface area, resulting in a larger R ct . This result again confirms that amorphous NCs with a suitable thickness not only provides more reactive sites but also improves the charge and mass transfer efficiency, which is in good agreement with the results of LSV curves and Tafel plots. In addition to the catalytic activity, longterm stability is another crucial criterion for the practical applicability of catalysts. Fig. 3d shows that a-Cu 2 MoS 4 NCs-20 can maintain j=10 mA cm −2 for 36 h with only 8% reduction, corroborating the excellent durability of asprepared catalyst.
The DFT calculations have been performed to elucidate the mechanism of high electrocatalytic activity. The detailed parameters of models for the calculations are shown in the EXPERIMENTAL SECTION and Figs S20-S22. According to the Sabatier principle [64] , a good catalyst should have a moderate free energy (ΔG) for H adsorption (H*), namely, ΔG(H*) close to zero, which is beneficial to both the adsorption process and the desorption process of hydrogen. As shown in Fig. 4b , the ΔG(H*) of c-MoS 2 is 1.91 eV, suggesting that the electrocatalytic HER process is not easy to be realized on the surfaces of c-MoS 2 due to the unfavourable interaction with H. The c-Cu 2 MoS 4 NCs gives a ΔG(H*) of 1.24 eV, which is smaller than that of c-MoS 2 , indicating that the introduction of Cu atoms might modulate the electronic potential distribution and electron density, enhancing the electrocatalytic activity for ternary catalysts [65] . The a-Cu 2 MoS 4 NCs-20 lack long-range atomic order and possess the abundance of sulfur vacancies, resulting in a lower ΔG(H*) value (0.609 eV) than other systems, further accelerating HER performance (Fig. 4c) , which is in good agreement with the experimental results discussed above.
CONCLUSIONS
In summary, a new and effective strategy is developed to fabricate the regular-shaped amorphous Cu 2 MoS 4 NCs. The key feature of this strategy is that it involves a SHEP process, which simplifies the experimental procedures, provides mild reaction conditions, and avoids the usage of coordinating agents or etching agents. The controllability and versatility of this strategy enable the synthesis of various ternary NCs with tunable compositions, thicknesses, sizes, and morphologies. Benefiting from the amorphous characteristics with rich sulfur vacancies and hollow structures, the a-Cu 2 MoS 4 NCs with an appropriate thickness exhibit greatly enhanced HER activity. We believe that our current work will offer an insight into the precise controllable synthesis of various ternary nanocages and is expected to be applied in different areas ranging from energy storage and conversion, catalysis, gas sensor, to drug delivery. 
